Tungstate source and tartrate (Tar 2− ) additive were examined for their influences on the hydrothermal formation and characteristics of ZnWO 4 nanocrystals. It was clearly shown that quasi-equiaxed nanocrystallites of ~ 50-100 nm in diameter and nanorods of ~ 40-50 nm in diameter and up to ~ 700 nm in length can be generated with (NH 4 ) 10 W 12 O 41 ·5H 2 O and K 2 WO 4 ·2H 2 O as tungsten sources, respectively. Introducing Tar 2− into the K 2 WO 4 ·2H 2 O reaction system effectively transformed the primary crystallites of ZnWO 4 from nanorods into quasi-equiaxed nanocrystals (~ 20-50 nm) and then nanoplates (thickness of ~ 20 nm, lateral size of ~ 200 nm) and, meanwhile, aggregated the crystallites into spheroidal clusters (~ 2-3 µm in diameter) with the increasing Tar 2− /Zn 2+ molar ratio up to ~ 2. Optical spectroscopy revealed that the ZnWO 4 products exhibit broad-band photoluminescence (~ 425-700 nm) through 3 T 1u → 1 A 1g transition of the [WO 6 ] 6− ligand under short ultraviolet excitation and the nanorods show the best luminescence among all tested samples. Calcination at 500 °C may effectively remove the adsorbed Tar 2− species and greatly improve luminescence of the samples synthesized in the presence of Tar 2− .
Introduction
Physical and chemical properties of a material are closely related to its phase structure, microstructure, dimensionality and surface chemistry [1] . Rational control over reaction parameters enables to tailor material properties for a specific application [2, 3] . Among various synthesis strategies developed for inorganic compounds, hydrothermal reaction, which utilizes mildly high temperature and pressure to enhance the reactivity of chemical species [4, 5] , is widely used, since it can crystallize the targeted compound within a reasonably short period of reaction and allows to tailor characteristics of the product via facilely manipulating reactant source/concentration, solution pH, reaction temperature/ duration, and surfactant/chelate species [6] . The key to morphology control of a hydrothermal product is to manipulate the growth habit of the crystallite, where the crystallite may grow via Ostwald ripening [7] and/or oriented attachment [8] . The former usually produces larger crystals with a narrower size distribution and better defined morphology, while the latter may yield three-dimensional (3D) high-order architectures through branched growth and/or self-organization of the adjacent nuclei/primary crystallites via co-lattice along a certain crystallographic direction [8] . Yang et al. [9] , for example, synthesized 3D flowerlike assemblies of Lu 2 O 3 nanoflakes through ethylene glycol (EG)-and acetate-mediated hydrothermal reaction at 180 °C for 24 h, and demonstrated abundant photoluminescence features of the doped rare-earth activators. Zhao et al. [10] hydrothermally synthesized down-/up-conversion Ba 2 GdF 7 :RE 3+ (RE = Eu, Tb, Dy, or Yb/Er) phosphors and showed that EG molecules may preferentially adhere onto the {111} facets to produce quasi-octahedral nanocrystallites. Wu et al. [11] on the other hand, prepared nest-like hierarchical structures of Bi 2 WO 6 nanoplates by polyvinyl pyrrolidone (PVP)-mediated hydrothermal reaction at 180 °C for 24 h, and demonstrated their excellent photocatalytic activity in the degradation of Rhodamine B (RhB) solution under visible-light irradiation.
Tungsten has various oxidation states up to + 6, for which a rich variety of oxides with varying O/W atomic ratios (WO x ) and multi-faceted functionalities can be formed. In a recent review article, Yin et al. [12] summarized the syntheses and characteristics of mixed valence WO x (x = 2.625−2.92) and M x WO 3 (M = Na + , K + , Rb + , Cs + , NH 4 + , etc.) nanoparticles, and also their novel applications in heat ray shielding, indoor energy saving, electronic conductivity, bio thermal therapy and electrochromism. Beyond the above compounds, various tungstate nanomaterials, such as Bi 2 WO 6 , ZnWO 4 , CdWO 4 , CoWO 4 , are also actively studied for optical functionalities and energy-storage [13] [14] [15] [16] [17] [18] . MWO 4 tungstate, where M 2+ is a divalent metal cation, is considered promising for photoelectrodes, photocatalysis, scintillation, and optical fiber applications [19] . MWO 4 may crystallize in one of the two major crystal structures depending on the size of M 2+ , which are the scheelite-type tetragonal structure (ionic radius of M 2+ > 0.099 nm, for example M = Ca, Ba, Pb or Sr) and wolframite-type monoclinic structure (ionic radius of M 2+ < 0.077 nm, for example M = Fe, Mn, Co, Ni, Mg or Zn) [20] . Among a series of MWO 4 compounds, ZnWO 4 exhibits self-activated bluishgreen luminescence with short fluorescence decay, which is useful as X/γ-ray scintillators [21, 22] , and holds the potential for innovative applications in lithium-ion storage and pseudo-capacitors owing to its high theoretical capacity (600 mAh g −1 ) and high conductivity [23, 24] . ZnWO 4 exhibits a strong tendency of anisotropic crystal growth during solution processing by its non-cubic crystal structure. In this regard, morphology tailoring of ZnWO 4 crystallites for enhanced/novel functionality is of substantial scientific and practical importance [25, 26] . Shad et al. [27] , for example, obtained ZnWO 4 nanowires by hydrothermally reacting Na 2 WO 4 ·2H 2 O and Zn(CH 3 COO) 2 ·2H 2 O in an acetic acid solution, demonstrating their capability of chemical sensing. Bai et al. [28] successfully deposited oblate spheroids of ZnWO 4 on the Ni foam via hydrothermal reaction to attain an excellent electrochemical performance. Rod-like, spheroidal, ellipsoidal and snowflake-like ZnWO 4 crystallites/ particles were also recently obtained by hydrothermally reacting mixed solutions of Na 2 WO 4 and Zn(NO 3 ) 2 under 200 °C, where the influence of tartrate anion (Tar 2− ) was investigated [29] .
It is widely observed that the type and concentration of ions and molecules, either generated from the reactants themselves or additionally added, may significantly alter the thermodynamics, kinetics and pathway of chemical reaction, leading to products of drastically different characteristics and properties [30] . In view of these, we employed ammonium tungstate para pentahydrate ((NH 4 ) 10 W 12 O 41 ·5H 2 O) and potassium tungstate (K 2 WO 4 ) as two different tungsten sources and Tar 2− as an additive for ZnWO 4 synthesis in this work, and their effects on the crystallization habit of ZnWO 4 were revealed. In the following sections, the hydrothermal synthesis, characterization, and photoluminescence properties of ZnWO 4 crystallites are reported. (NH 4 4 (the molar ratio of W/Zn = 1:1 in each case) was added, followed by addition of HNO 3 and/or ammonia solution to pH = 8. The thusprepared reactant mixture (60 mL in volume) was put in a 100 mL Teflon cup, which was sealed in a stainless-steel jacket and then subjected to 24 h of hydrothermal reaction in an electric oven at 200 °C. After cooling down, the milky suspension was centrifuged and the sediment was cleaned with deionized water via ultrasonication-centrifugation for three times. After ethanol (95%) rinsing, the precipitate was dried in an air oven at 70 °C for 24 h. Calcination of the dried powder was performed in stagnant air at 500 °C for 2 h, with a heating rate of 5 °C min −1 at the ramp stage.
Experimental

Reagents and synthesis
Characterization techniques
The phase structure was identified by the X-ray diffraction (XRD) technique on a Model RINT2200 equipment (Rigaku, Tokyo), which used an acceleration voltage/tube current of 40 kV/40 mA, nickel-filtered Cu-Kα radiation as the X-ray source (λ = 0.15406 nm), and a measurement speed 
Results and discussion
Effect of tungsten sources
Powder XRD profiles of the hydrothermal products obtained with (NH 4 ) 10 W 12 O 41 ·5H 2 O (sample S1) and K 2 WO 4 (sample S2) as tungsten sources are comparatively shown in Fig. 1 , where it is clear that, in each case, all the diffraction peaks can be well indexed with those of monoclinic structured ZnWO 4 in the standard diffraction file (JCPDS No. 89-0447; space group P2/c, C 4 2h symmetry [31] ). Sample S2 exhibits substantially stronger and better resolved diffractions than S1, suggesting its higher crystallinity. It is noteworthy that the relative intensity of diffraction peaks varies between two samples. Taking (011) and (110) diffractions for example, samples S1 and S2 have (110)/(011) intensity ratios of ~ 0.98 and 1.69, which are close to and significantly larger than the value (~ 1.07) determined from the standard diffraction file, respectively. The results may thus imply that the two samples have quite different crystallite morphologies. Calcination at 500 °C in air did not alter the phase purity of both ZnWO 4 products ( Fig. 1 ) but reduced the (110)/(011) intensity ratio of S2 from ~ 1.69 to 1.03 (close to the 1.07 from the standard diffraction file), though the ratio of S1 was not appreciably affected.
SEM observation found that sample S1, obtained with (NH 4 ) 10 W 12 O 41 ·5H 2 O as the tungstate source, solely consisted of quasi-equiaxed crystals of ~ 50-100 nm in diameter ( Fig. 2a ), while sample S2, synthesized with K 2 WO 4 , mostly contained nanorods of ~ 40-50 nm in diameter and ~ 50-700 nm in length ( Fig. 2b , aspect ratio up to ~ 14). The morphology of S2 is almost identical to that of ZnWO 4 nanorods obtained with Na 2 WO 4 as the tungsten source under otherwise identical hydrothermal conditions, where the individual nanorods were analyzed via lattice imaging and electron diffraction to develop along the [001] crystallographic direction [19, 25] . Tungstate anions exhibit rich solution chemistry and, critically depending on pH of solution, may exist in one or more of the ionic forms of WO 4 42 10− in an aqueous solution [32] . It is known that monomeric WO 4 2− can be stabilized by raising the pH value of solution to ~ 6.2, and then becomes the prevailing one (> 99%) when the pH value is over 7.8 [33] . Considering that the hydrothermal synthesis of this work was performed under the same solution pH value (pH = 8), Zn 2+ content (3 mmol) and Zn to W molar ratio (1:1), it is reasonable to conclude that WO 4 2− is the dominant type of tungstate anions in the reaction system and the concentration of WO 4 2− is the same, whether (NH 4 ) 10 Na + and K + , NH 4 + is considerably complexing toward many types of metal ions [34, 35] and the existence of Zn 2+ -NH 4 + and/or Zn 2+ -NH 3 complex species may be expected in the current reaction system, where NH 3 is generated through the equilibrium NH 4 + + OH − ⇄ NH 3 + H 2 O under pH = 8. As a result, the pathway and kinetics of nucleation/growth, and therefore, the morphology of ZnWO 4 crystallites can be altered by the ammonium species [35] . Another possible reason is that K + (or Na + ) and NH 4 + have different capabilities and preferences of selective adsorption on the facets of ZnWO 4 nuclei, which would in turn alter the pattern of crystallite growth. Wang et al. [36] also observed that fluorine sources (XF, X + = K + , H + , NH 4 + , Na + , Rb + or Cs + ) may crucially determine the phase structure and crystallite morphology of EuF 3 , because of the different adsorption behaviors of liberated X + species. Calcination at 500 °C did not appreciably affect the shape and size of ZnWO 4 crystallites for either S1 or S2. The calcination, nonetheless, may remove more defects from the (011) plane of S2, for which the (110)/(011) intensity ratio was lowered from ~ 1.69 to 1.03 owing to enhanced diffraction of the (011) plane [19] . Figure 3 shows the FTIR spectra of the hydrothermal and calcination products for samples S1 and S2, where similar spectral features were observed. In each case, the weak absorptions centered at ~ 3446 and 1635 cm −1 are arising from surface adsorbed water molecules [37] . The multiplets in the spectral region of ~ 400-1000 cm −1 is the characteristic of ZnWO 4 vibrations, with those at ~ 879/833 cm −1 and ~ 473 cm −1 for the asymmetric stretching and asymmetric deformation of W-O in WO 6 octahedrons, respectively [19, 37] , and those at ~ 534 and 430 cm −1 for the stretching vibration and asymmetric deformation of Zn-O in ZnO 6 octahedron, respectively [38] . For sample S1, the symmetric stretching vibration v 1 (Zn-O-W) was resolved at ~ 704 and 621 cm −1 [39] . For sample S2, the 621 cm −1 band splits into two peaks at ~ 650 and 590 cm −1 and the vibration at ~ 833 cm −1 is much stronger and better resolved than that of S1, which conforms to a higher orientation and better crystallinity of the ZnWO 4 crystallites [19] . Figure 4a shows the UV-Vis absorption spectra for calcined S1 and S2 samples. The theoretical analysis of the electronic band structure of ZnWO 4 revealed that the valence and conduction bands largely consist of O 2p and W 5d orbitals, respectively [40] . The ligand field theory also predicts that the 5d energy level of W in WO 6 octahedrons would spilt into the 1 A 1g ground state, 3 T 1g , 1 T 1g , 3 T 1u and 1 T 1u excited states, among which the 1 A 1g → 1 T 1u transition is parity allowed and transitions from 1 A 1g to the other excited states are forbidden although they are partially allowed due to the Jahn-Teller effect arising from [WO 6 ] 6− distortion [40] . The multiplets of absorption found in the spectral region of ~ 200-400 nm may thus correspond to electron excitation from O 2p to different W 5d energy levels (Fig. 4a ). ZnWO 4 is widely accepted to be a direct Fig. 2 SEM morphologies of a, c S1 and b, d S2 samples, where a and b are for hydrothermal products and c and d for calcination products Fig. 3 FTIR spectra of the hydrothermal and calcination products of S1 and S2 semiconductor [21] , and thus the bandgap energy (E g ) can be estimated from the (αhv) 2 versus hv plot to be ~ 3.29 and 3.25 eV for samples S1 and S2, respectively (the inset in Fig. 4a) , where α and hv are linear absorption coefficient and incident photon energy, respectively. The values fall in the range (~ 3.13-3.52 eV) reported for nanocrystalline ZnWO 4 [22] . It is noteworthy that the E g determined herein should be considered as the "apparent bandgap energy" and not the theoretical (intrinsic) value of ideal ZnWO 4 bulk crystals, since it includes the influences of surface and lattice defects. Compared to S1, the slightly smaller E g and red-shifted main absorption of sample S2 could be due to larger geometric sizes of the crystallites [41] . And compared to S2, sample S1 clearly shows higher absorption in the ~ 400-800 nm spectral region, which may indicate that the sample has more surface-related shallow defects. Figure 4b exhibits the photoluminescence excitation (PLE) and emission (PL) spectra for the two kinds of ZnWO 4 nanocrystals. In each case, the wide PLE peak in the ~ 200-350 nm spectral region arises from electron excitation (charge transfer, CT) from filled O 2p to empty W 5d orbitals, which corresponds to the parity-allowed 1 A 1g → 1 T 1u (two splits) transition within the [WO 6 ] 6− ligand [40] . The PL spectrum contains two sub-bands centered at ~ 455 and 483 nm, respectively, which are associated with the intrinsic emission of distorted [WO 6 ] 6− via radiative decay from 3 T 1u (two splits) to 1 A 1g [40] . The long tail extending up to ~ 700 nm of the PL spectrum is frequently ascribed to electron-hole recombination near oxygen deficient tungstate anions [42] . Sample S2 shows higher PLE and PL intensities than S1, possibly due to its larger crystallite size and higher crystallinity. This also accounts for red-shifting of the PLE peak from ~ 286 nm for S1 to 298 nm for S2. Although S1 exhibits stronger UV absorption than S1 (Fig. 4a) , more surface and lattice defects may provide additional channels for non-radiative decay of the excitation energy and thus deteriorate luminescence [21] .
Effects of Tar 2−
Since sample S2, obtained with K 2 WO 4 as the tungstate source, exhibits significantly anisotropic crystallite growth, morphology tailoring of ZnWO 4 crystallites/architectures with Tar 2− was thus attempted under the same hydrothermal conditions of S2. Figure 5a compares the powder XRD profiles of the products obtained under various Tar 2− contents (R values of 0 (S2), 0.5 (S3), 1 (S4), 2 (S5), and 3 (S6)). Except for sample S5, which contains trace ZnO impurity, the diffraction peaks of other samples all match well with those of monoclinic structured ZnWO 4 in the standard diffraction file (JCPDS No. 89-0447). Addition of Tar 2− clearly weakened and broadened the diffraction peaks, implying the decreased crystallite size and/or crystallinity of the product. Of particular interest is that the (021) diffraction gradually shifts towards a smaller angle with increasing addition of Tar 2− , and the shift is ~ 0.62° when R reachs 3. Calcination in air at 500 °C for 2 h simultaneously diminished the trace ZnO impurity in sample S5 and the shift of (021) diffraction. And all the calcined powders are single-phased ZnWO 4 according to the standard diffraction file (Fig. 5b) . It can then be inferred from the above results that Tar 2− selectively adsorbs on the (021) facet of ZnWO 4 and calcination at 500 °C can effectively remove the Tar 2− adsorbate.
SEM observation of the products indicates that a small amount of Tar 2− (R = 0.5) can sufficiently suppress the anisotropic growth of ZnWO 4 and effectively transform nanorods (Fig. 6a , without Tar 2− ) into quasi-equiaxed nanocrystals of ~ 20-50 nm in diameter (Fig. 6b, S3 ). Further addition of Tar 2− induced significant aggregation of primary crystallites, leading to ill-shaped agglomerates at R = 1 (Fig. 6c, S4 ) and finally spheroidal clusters of ~ 2-3 μm in diameter at R = 2 and 3 ( Fig. 6d and e, S5 and S6) . At the same time, the primary crystallites turned into nanoplates (the lateral size up to ~ 200 nm, thickness of ~ 20 nm) when the molar content to or tending to be perpendicular to [001] [19] . The aggregation effect of Tar 2− could arise from hydrogen bonding among the Tar 2− species adsorbed on the surfaces of ZnWO 4 crystallites [43, 44] . The effects of Tar 2− discussed above were further confirmed by the fact that, upon introducing Tar 2− into the Zn(NO 3 ) 2 /(NH 4 ) 10 W 12 O 41 ·5H 2 O reaction system, the discrete and equiaxed ZnWO 4 nanocrystals observed in Fig. 2a (sample S1) were turned into nanoplatelike primary crystallites in the form of agglomerates when R reached 1 (Fig. 6f ). Figure 7 displays the morphologies of the calcined powders, where it can be seen that the overall particle morphologies of the hydrothermal products were well preserved except for S4, which was disintegrated from ill-shaped agglomerates (Fig. 6c ) into much better dispersed nanocrystallites ( Fig. 7c) . Besides, comparing Fig. 6d and e with Fig. 7d and e, it's revealed that the nanoplate primary crystallites turned into rounded nanoparticles of ~ 20-40 nm by calcination at 500 °C. The above changes can be ascribed to removal of adsorbed Tar 2− and crystallite growth. The profile broadening analysis of XRD patterns with Scherrer formula found average crystallite sizes of ~ 22.3, 22.3, 20.9, and 17.9 nm for samples S3, S4, S5 and S6 calcined at 500 °C, respectively. Figure 8 shows the PLE (λ em = 483 nm) and PL (λ em = 282 nm) spectra for samples S2-S6 before (Fig. 8a) and after ( Fig. 8b ) calcination, where it is seen that the spectral features are similar to those observed in Fig. 4b . Among the hydrothermal products (Fig. 8a) , sample S2 (nanorod) exhibits red-shifted PLE band center and remarkably strongest PLE and PL intensities than the others owing to its largest crystallite size. Specifically, the integral PL intensity of S2 is ~ 15.5 and 23.8 times those of S3 and S5, respectively. Calcination at 500 °C improved PLE and PL intensities for all the samples, with increments of ~ 18%, 320%, 308%, 263% and 360% for S2-S6, respectively. Inferred from the limited PL enhancement of S2, the tremendous improvements of samples S3-S6 would primarily be due to the removal of adsorbed Tar 2− species and Tar 2− -related lattice/surface defects by calcination, since defects may inhibit the recombination of photogenerated electron-hole pairs [45, 46] . These may also account for the observed blueshifting of PLE band centers from ~ 290 nm to 282 nm for samples S3-S6. Nonetheless, by comparing Fig. 4b with 8b, though the calcination condition is the same, samples S3-S6 ( Fig. 8b ) have emission intensities of only ~ 10-20% of S1 (Fig. 4b) , indicating that they may be less crystallized than S1. Increasing addition of Tar 2− was also observed to be able to aggregate the primary crystallites into spheroidal clusters. ZnWO 4 nanorods showed the best photoluminescence in the spectral region of ~ 425-700 nm upon excitation with short UV, whose intensity is ~ 15.5-23.8 times (before calcination) and ~ 4.4-7.7 times (after calcination at 500 °C) those of the products synthesized in the presence of Tar 2− . Calcination at 500 °C produced limited luminescence improvement (~ 18% increment) for nanorods of S2 but ~ 2.6-3.6 times stronger than luminescence for ZnWO 4 synthesized with Tar 2− , owing to the removal of adsorbed Tar 2− species and Tar 2− -related lattice/ surface defects.
